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ABSTRACT Haemophilus influenzae, normally not muta-
ble by UV, became UV mutable with a recombinant plasmid
insertion. A 7.8-kilobase-pair (kbp) fragment of the plasmid
pKM101 containing the mucA and mucB genes was ligated to
the shuttle vector pDM2, and a Rec™ strain of H. influenzae was
transformed with the ligated mixture. All of the transformants,
unlike the parent Rec™ strain, were resistant to UV, could
carry out postreplication repair and Weigle reactivation,
showed greatly increased spontaneous mutation, and contained
a plasmid carrying an insert of only 1.2 rather than 7.8 kbp.
This plasmid in a umuC mutant strain of Escherichia coli
complemented a pKM101 derivative lacking mucA function but
with an intact mucB gene, although there was no complementa-
tion with a mucA* mucB~ plasmid, suggesting that the newly
constructed plasmid coded for the mucA protein; this is in
accord with the restriction analysis and hybridization between
the plasmid and a probe containing all of the mucA gene but
only a small fraction of mucB. When one of the H. influenzae
Rec™ transformants lost the plasmid, the resistance to UV was
retained but the high spontaneous mutation and UV mutability
were not. The fact that there was hybridization between the
chromosome of the ‘‘cured’’ strain and a probe containing both
muc genes but none when almost no mucB was present
suggested that at least part of the mucB gene had been
integrated into the Rec™ chromosome. Five different postrep-
lication repair-proficient strains became UV mutable and had
high spontaneous mutation rates caused by the putative mucA
plasmid, indicating that these strains already possessed a
chromosomal equivalent of the mucB gene.

The plasmid pKM101 [35.4 kilobase pairs (kbp)] enhances the
mutability of Escherichia coli and Salmonella typhimurium
cells by UV and some chemicals (1). The plasmid also
increases cellular and phage survival after UV-irradiation as
well as Weigle reactivation and Weigle mutagenesis (2).
Evidence has been presented that pKM101 exerts its effects
not by making the SOS repair system of the cell constitutive
but by contributing to part of this system (3). Mutations in the
umuDC locus of E. coli render the cell immutable by UV or
4-nitroquinoline-1-oxide (4). This locus consists of two ad-
jacent genes, umuD and umuC, which code for 18- and
46-kDa proteins, respectively (5). The plasmid pKM101
suppresses the immutability of the umuD or umuC mutants
(2). An approximately 2-kbp region of the plasmid is respon-
sible for these effects; this region contains two genes, mucA
and mucB, coding respectively for 16- and 45-kDa proteins
that are very similar to those of umuD and umuC (6).
Because of the inability of Haemophilus influenzae to be
mutagenized by UV and chemicals such as methyl methane-
sulfonate and mitomycin C (7, 8), it is possible that this
bacterium is the equivalent of an umuD or umuC mutant
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strain of E. coli (9, 10). To investigate this possibility, we
attempted unsuccessfully to grow pKM101 in H. influenzae.
The alternative approach, which was successful, was to put
one or both muc genes from pKM101 into a plasmid that
would be accepted by H. influenzae.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Phage, and Media. The H.
influenzae strains used were wild types BC200 and Rd,
derivative recombination-defective BC200recl and rec2 mu-
tant strains, and excision-defective uvrl and uvr2 mutant
strains (11-13). S. typhimurium TA100 (14), which carries the
plasmid pKM101 (15), was kindly donated by Sanford Lacks.
E. coli strain TK610 (4) was obtained from the E. coli genetic
stock center at Yale University. The cloning vector pDM2
was constructed in this laboratory (16) and confers re-
sistance to 4 ug of chloramphenicol and 5 ug of ampicillin per
ml. TK610(pSE200), TK610(pGW1700), TK610(pGW1700-
mucA123:Tn1000), and TK610(pGW1700mucB58:Tn1000)
(17, 18) from Graham Walker’s laboratory were kindly sent
by David Sobell. The lysogenic phage HPlcl has been
described (19). H. influenzae was grown and diluted for
plating as before (10). TA100 and TK610 were grown in
nutrient broth (Difco). M9 agar medium (18) supplemented
with the nutritional requirements of TK610 (threonine,
leucine, proline, isoleucine, valine, and thiamine) and 0.02
mM histidine was used to assay for TK610 His* revertants.
Cleared lysates and purified plasmids of H. influenzae were
prepared as described (20), and pKM101 was purified as
described by Maniatis et al. (21).

Transformation. Transformation of H. influenzae was
carried out with the MIV method (22), and E. coli was
transformed by the CaCl, method (23).

Gel Electrophoresis. This was carried out in a 1% agarose
gel horizontal system (24). Sizing of the fragments was by
comparison of mobilities with those of Hpa I and Dpn 11
fragments of phage T7 donated by F. W. Studier.

Cloning of Part of pKM101 in the Plasmid Vector pDM2.
pKM101 was digested with Hpa I (Bethesda Research Lab-
oratories), and a 7.8-kbp fragment containing the mucA and
mucB genes (25) was isolated by electrophoresis of the
restriction digest on a low-melting-point agarose gel at 60 V
for 3 to 4 hr. The fragment was cut from the gel, the agarose
was melted at 65°C, and the DNA was extracted twice with
phenol at 37°C, followed by precipitation with ethanol. The
cloning vector was digested with Pst I (BRL), which cuts in
the B-lactamase gene (16), and was treated with S1 nuclease
to remove the sticky ends and to prepare the linearized vector
for ligation with the blunt-ended fragment from pKM101 and
then with alkaline phosphatase (23) to prevent self-ligation of
the vector. Ligation with T4 DNA ligase (BRL) was for 4 hr
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at 12°C, followed by 4°C overnight. The ligation mixture was
used to transform BC200recl.

Complementation of mucA or mucB. The newly constructed
pMuc plasmid was transformed into a TK610 strain contain-
ing either the plasmid pGW1700mucB58:Tn1000 or
pGW1700mucA123:Tn1000 and was grown in chloramphen-
icol and tetracycline to maintain both plasmids before UV
irradiation and measurement of survival and mutation. These
strains were compared with the plasmidless TK610.

UV Irradiation. H. influenzae cells were grown to an ODg;5
of 0.5 (around 10° cells per ml), diluted by a factor of 10, and
irradiated as before (26). E. coli was grown to an ODg;s 0of 0.3
and then was diluted by a factor of 2.4 for irradiation.

Spontaneous and UV-Induced Mutation. Mutation of H.
influenzae to novobiocin (2 ug/ml)- or kanamycin (4.5
ug/ml)-resistance was measured on agar plates containing
the appropriate amount of antibiotic. Cells were plated after
UV irradiation without antibiotics and then were allowed to
express the mutation for 90 min at 37°C before the plates were
layered with agar-containing antibiotic. Mutation of E. coli
was measured as described by Perry and Walker (17).

Weigle Reactivation. The method has been described (27).

Postreplication Repair. The molecular weight of DNA
pulse-labeled after UV irradiation was measured as before on
a single-strand basis by centrifugation in alkaline sucrose
(28).

Hybridization. The method of Southern (29) was used as
modified by F. W. Studier (unpublished data). Nick transla-
tion was as described by Maniatis et al. (21).

RESULTS

Cloning of the 7.8-kbp Fragment of pKM101 in pDM2.
Seventeen transformants of BC200recl were obtained that
were chloramphenicol resistant and ampicillin sensitive,
indicating that the cells contained a plasmid with an insert.
Because of the method used for transformation by the ligated
mixture, in which the exposed cells were plated before there
was time for cell duplication, there was no possibility that any
of the transformants were siblings. In all of the transformants,
the insert was about 1.0 kbp rather than the complete 7.8-kbp
fragment of pKM101 ligated to pDM2. Restriction analysis of
one of the recombinant plasmids (Fig. 1) showed that the
insert was one continuous piece of DNA and that the plasmid
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FiG. 1. Restriction map of pDM2 containing an insert from
pKM101 (heavy line).
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was digested by BamHI, Pvu 1, Pvu 11, and Sma I but that
there were no sites for Acc I and Bg! 11, and there was no Sma
I site within the insert. The data ruled out the presence of an
intact mucB gene on the plasmid, in accord with the published
restriction map of pKM101 (25) and the known size of the
mucB protein (17). The recombinant plasmids were called
pMuc.

UV Resistance, Spontaneous Mutation, and UV-Induced
Mutation of pMuc Transformants. Fig. 2 shows a comparison
of survival curves of BC200rec1 and one of the transformants
containing a recombinant plasmid. The strain containing
pMuc was considerably more UV resistant and was approx-
imately as UV resistant as the wild type (data not shown). All
of the other 16 BC200recl transformants obtained from the
ligation mixture were also UV resistant. The recombination
defect was still present in the pMuc transformants. The
parent plasmid, pDM2, had no effect on the UV resistance of
the BC200rec] strain (data not shown).

All of the BC200rec1 transformants showed a frequency of
spontaneous mutation to novobiocin resistance of 107* to
1073, whereas the untransformed BC200recl frequency was
1078 to 10~7. When the plasmid from BC200recl was trans-
formed into a wild-type strain, there was no effect on UV
resistance, but the frequency of spontaneous mutation to
novobiocin resistance was again greatly increased. Fig. 3
shows that there was also UV-induced mutation to
novobiocin resistance, in spite of the already high level
caused by the presence of the plasmid without UV. Similar
results were obtained with pMuc in a number of other strains,
all proficient in postreplication repair: wild-type Rd and rec2,
uvrl, and uvr2 mutant strains. The BC200rec1 transformants
also showed UV-induced mutation, with increases in fre-
quency of up to a factor of 5. The wild-type strains containing
pMuc had an increased frequency of spontaneous mutation to
kanamycin resistance (from 10-7-107% to 107°-10"%), and

l(x) T T T T T

10

o
-

% survival

0.01

0.001

0.0001

0.00001 '
4 8 12 16 20 \ 24
uv, J/m?
)

F16.2. UV dose effect curves of BC200recl with () and without
(®) pMuc.



Microbiology: Balganesh and Setlow

100 T T T T T
10 ]
=
>
z
=
W
R ) |
1.0 ®
: B _
2
=
El
€
B 10-3 L _
210
2 ° °
]
=
o
L
9
10—4 1 1 1 1
8 16 24 32
UV, J/m?

Fic. 3. UV dose-effect curves of BC200(pMuc); mutation to
novobiocin resistance (number of mutants per survivor) (Lower) and
survival (Upper). The mutation to novobiocin resistance in cells
without pMuc was undetectable under the same conditions as used
for BC200(pMuc).

there was a 2-fold increase in mutation to kanamycin resist-
ance resulting from UV.

Postreplication Repair of BC200rec1(pMuc). Table 1 shows
the results of measurement of single-strand-based molecular
weights of pulse-labeled DNA in irradiated and control cells,
incubated various times in nonradioactive medium following
the pulse. The data indicate that, in the cells containing
pMuc, the single-strand-based molecular weight of DNA
synthesized after UV-irradiation returned to a value close to
that of the control (unirradiated DN A) value upon incubation
after the pulse, but there was little or no change in the DNA
of cells without pMuc, in accordance with previous obser-
vations with a rec] mutant strain (28).

Weigle Reactivation of BC200rec1(pMuc). Fig. 4 shows that
there was a substantial increase in survival of the UV-
irradiated phage HPlcl in BC200recl(pMuc) cells given
various low doses of UV, but there was little or no increase
in BC200recl without the plasmid, a result also obtained
previously (27).

Properties of a BC200rec1(pMuc) Transformant and Other
Strains Carrying pMuc After Loss of the Plasmid. The
BC200recl transformant was plated on the surface of agar,
and colonies were transferred with toothpicks to plates with

Table 1. Postreplication repair of BC200rec1 with and
without pMuc

UV dose,

Presence Time of incubation Weight average

of pMuc J/m? after pulse label, min M, x 1078
+ 0 40 1.4
+ 2.5 0 0.8
+ 2.5 20 1.2
+ 2.5 40 1.3
- 0.8 0 0.6
- 0.8 40 0.8

UV doses were adjusted to yield comparable survival for the two
strains.
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Factor increase in phage survival

Dose to cells, J/m?

FiG.4. Survival of HP1cl phage irradiated with a UV dose of 144
J/m? as a function of dose to BC200recl host cells with (—) and

without (---) pMuc. Survival of phage in unirradiated cells was
0.002%.

and without chloramphenicol, resistance to which was coded
for by the plasmid. Two of 260 colonies screened had become
chloramphenicol sensitive, indicating that they had lost the
plasmid. Gel electrophoresis of cleared lysates of the two
clones confirmed the loss of the plasmids. The frequency of
spontaneous mutation to novobiocin resistance was now at
the same low level as that of the BC200rec1 before transfor-
mation, and there was no longer UV-induced mutation.
However, the survival after UV was the same as that of the
strain with the plasmid, and Weigle reactivation was also
unchanged (data not shown). Similarly, wild-type Rd(pMuc)
also lost the high spontaneous mutation to novobiocin resist-
ance when it lost the plasmid.

The two transformed strains of BC200rec1 that had lost the
plasmid regained the high spontaneous mutation upon
retransformation with pMuc.

pMuc in Another recl Mutant Strain. When pMuc from an
original BC200recl transformant was put into another recl
mutant strain (the same allele), there was no effect on UV
resistance and spontaneous or UV-induced mutation (data
not shown).

Complementation of mucA~ But Not mucB~ by pMuc. The
doses at which 1/e of the initial population survived after
UV-irradiation, obtained from the data for TK610, TK610
(pGW1700mucA123:Tn1000)(pMuc), and TK610(pGW1700-
mucB58:Tn1000)(pMuc), were 0.56, 1.0, and 0.56 J/m?,
respectively, and UV-induced mutagenesis was only ob-
served for TK610(pGW1700mucA123:Tn1000)(pMuc), indi-
cating that pMuc could substitute for a deficient mucA gene
in enabling the pKM101 genes to overcome the umuC
mutation of TK610.
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Hybridization of pMuc and Chromosomal DNA with Probes
Containing muc Genes. pMuc hybridized with pSE200, which
contains all of mucA but only a very small portion of mucB,
and also with pGW1700, which contains both the mucA and
mucB genes intact. Hybridization was observed of pGW1700
but not pSE200 with the chromosomal DNA of the cured
BC200rec] strain, indicating that at least part of the mucB
gene had entered the H. influenzae chromosome.

DISCUSSION

We have shown that pMuc causes UV-induced and high
spontaneous mutation in strains of H. influenzae proficient in
postreplication repair. The UV resistance, postreplication
repair capability, and Weigle reactivation of the original
BC200rec] transformed by the ligation mixture was retained
when pMuc was lost. Therefore, it is probable that there had
been recombination of some of the 7.8-kbp fragment from
pKM101 into the chromosome during the original transfor-
mation of BC200recl by that fragment ligated to the vector.
Hybridization data, complementation, and restriction analy-
sis of pMuc indicated that only mucA could be on the
plasmid. Thus, we conclude that mucB on the chromosome
of BC200recl caused the phenotypic changes in that strain,
in accord with the hybridization of DNA of the cured
BC200recl, with the mucAmucB probe, but not with the
mucA probe, lacking most of mucB. The mucA gene altered
the phenotype of only the rec/ mutant strains whose chro-
mosome contained the mucB gene but did alter the phenotype
of all of the strains proficient in postreplication repair,
suggesting that the latter strains already contain an analog of
mucB on their chromosome. However, the mucB gene or its
putative analog on the H. influenzae chromosome can be
expressed without the presence of the mucA gene, as indi-
cated by the properties of BC200rec1 carrying mucB but not
mucA.

Although the functions of mucA and mucB genes have been
separated in H. influenzae, these functions are not obviously
distinguishable in E. coli, since a mutation in either mucA or
mucB of pPKM101 abolishes the ability of the plasmid to cause
UV-induced mutation or increased UV resistance in umuC
and umuD mutant strains of E. coli (17). Another difference
between the effect of pKM101 genes on E. coli and H.
influenzae is that pKM101 does not exert its effect in recA
mutant strains of E. coli (2, 3, 30). In some respects—UV
sensitivity, noninducibility of prophage, and DNA degrada-
tion—BC200recl of H. influenzae is similar to the recA
mutant strain of E. coli (31). However, the H. influenzae
mutant was clearly different from recA mutant strain of E.
coli in its response to pKM101 genes. It became resistant to
UV and proficient in postreplication repair but not proficient
in recombination because of one of these genes, whereas the
recA mutant strain is unchanged by these genes. One possible
explanation for some of these phenomena might be that
BC200recl is a double mutant. However, there is strong
evidence that the recombination defect of the mutant is the
same mutation as the defect in UV repair (12).

There are several puzzling aspects of our results. The
Umu~ E. coli mutant performs postreplication repair as
efficiently as does the corresponding wild type (32), but
postreplication repair capability was acquired in H. influen-
zae BC200recl from the mucB gene. The gene from pKM101
apparently entered the chromosome of BC200rec1 in all 17
clones in which the hybrid plasmid was established, in spite
of the fact that the transformation frequency of these mutants
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is 107¢ of that of the wild type (12). These data suggested that
the pPKM101 gene may have become integrated into the
chromosome by a mechanism different from the usual re-
combination of transformation, such as by some kind of
transposition. There are inverted repeats around the muc
genes of pKM101, but the Hpa I fragment used for our
cloning should have included only one of them, according to
the published restriction maps (25, 33).

We are particularly grateful to David Sobell of Graham Walker’s
laboratory for sending not only strains but an unpublished manu-
script of vital interest in the determination of how to proceed with our
problem. This research was carried out at Brookhaven National
Laboratory under the auspices of the U.S. Department of Energy.
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